Cytogenetic and fluorescence in situ hybridization (FISH) analysis of 10 patients with various hematopoietic malignancies revealed the presence of dicentric chromosomes or pericentric chromosome rearrangements. Dicentrics were only ascertained by FISH studies in six patients. Two types of pericentric chromosome rearrangements have been observed: 'classical' dicentrics with two clearly separated centromeric regions, and more unusual rearrangements with a breakpoint within the centromeric or heterochromatic area, but outside the alphoid domain. FISH analysis of partial chromosome 1 q duplications present in three Burkitt lymphoma cell lines confirmed the partial involvement of the non-alphoid centromeric domain in the duplicated chromosome segment. The incidence of centromeric and pericentromeric rearrangements in hematopoietic malignancies may be higher than hitherto admitted. The chromosomal localization of these rearrangements suggests several mechanisms possibly involved in the malignant process and deserves more systematic study.
Introduction
Dicentric chromosomes classically are instable structures prone to be broken at anaphase. While dicentric chromosomes are rare in normal cells, their frequency is increased when the cells are exposed to mutagenic agents and ionizing radiations. Dicentrics resulting from irradiation from various sources (X-rays, gamma rays) were also shown to be instable in somatic cells since they disappear throughout successive mitoses. Dicentric chromosomes, however, have been observed in malignant cells as clonal abnormalities with a variable incidence according to the type of tumor examined. Since such dicentrics persist during cell proliferation, it has been hypothesized that one centromere was functionally inactive. The abnormal chromosome could consequently escape breakage at anaphase. The hypothesis of two kinds of centromeres, active and inactive, was supported by the fact that the CENP-C and CENP-E centromere constitutive binding proteins are necessary components of functional centromeres but not of inactive ones. 1, 2 The centromere is, indeed, a complex structure, associating various DNA subtypes and proteins, differently associated within the different chromosomes. Alpha satellite (alphoid) DNA, which is believed to play an important role in the function of the centromere, 3 ,4 is a family of satellite DNAs including several subtypes. 5 Some sequences are chromosome-specific, allowing their use as markers in techniques of fluorescence in situ hybridization (FISH) to human cells.
Some recurrent dicentric chromosomes, such as dic(9;12)(p11-13;p11-12) and dic(9;20)(p11;q11) in acute lymphoblastic leukemia, have been described as nonrandom abnormalities in hematopoietic malignancies. [6] [7] [8] [9] [10] Other examples of dicentric chromosomes implying various chromosomes occurring as clonal abnormalities, have been reported to be present in hematopoietic disorders (Table 1) . Dicentrics may be difficult to detect with banding techniques if the two centromeres are very closely located on rearranged chromosomes. This difficulty can be overcome by use of FISH, and it has been shown that a large number of isochromosomes identified by chromosome banding analysis actually are isodicentric chromosomes (Table 1 ). The overall frequency of isochromosomes in human malignancies was 9.9% in 18 160 neoplasms 11 and unevenly distributed according to the type of tumors.
The present report underlines the importance of FISH techniques to detect dicentric chromosomes and identify pericentric rearrangements occurring as clonal abnormalities in malignant blood disorders. This study was initially based upon the finding of aberrant heterochromatin segments in rearranged chromosomes, either in possible or obvious dicentric chromosomes, or in translocations mainly involving the long arm of chromosome 1. Ten patients and three cell lines with these criteria were chosen for the study. While the incidence of these abnormalities in hematopoietic malignancies cannot be ascertained at the present time, the aim of this report is to focus on these rearrangements which suggest several working hypotheses.
Materials and methods

Patients
The clinical and hematological data of 10 patients examined for malignant blood disorders in the Department of Hematology of the Saint-Louis Hospital (Paris) are summarized in Table 2 . In addition three Burkitt lymphoma (BL) cell lines, BL2, BL3, and LY66, 12, 13 were re-examined with FISH techniques.
Chromosome studies
Chromosome studies were performed on bone marrow and/or peripheral blood cells after short-term culture, and on cultures of BL cell lines. GTG and/or RHG banding techniques were applied and the chromosomes were classified according to the international nomenclature. The results of banded karyotype analyses are summarized in Table 3 .
Fluorescence in situ hybridization (FISH)
FISH techniques 14 were applied on metaphase chromosomes using various molecular probes depending on the abnormalities studied: whole chromosome painting probes for chromosomes 5, 9, 12, 17, 18, 22 
Results
Analysis of FISH studies of patients (and cell lines) roughly confirmed the results of conventional banded karyotype analysis in most of the cases (Figure 1 ). However, some abnormalities were found to be better or differently defined with FISH techniques (Table 3) . Dicentric chromosomes or pericentric rearrangements were present in all patients examined.
Patient 1, therapy-induced AML, M4 after multiple myeloma:
The karyotype was complex. The chromosome 22 painting probe showed various rearrangements of chromosome 22, including add(22)(q13), and del (22)(q11). FISH analysis with several probes (chromosome 5, 12, and 22 whole chromosome painting, YAC 936e2) showed that the add(22)(q13) chromosome was dicentric, including cen (22) and cen (8) with insertion of a segment of 12p including the ETV6/TEL locus (YAC 936e2) between the 22 and 8 fragments. A second marker, add(12)(p12), was also dic, dic(5;12)(q12:p12).
Patient 2, ALL:
Chromosomes 1 were analyzed with DAPI staining and a chromosome 1-specific alpha satellite DNA probe. A faint heterochromatin-like band was present on the long arm of the rearranged chromosome 1, at the limit of its partial duplication suggesting that the breakpoint was located within band 1q12. Moreover, this band was not labeled with the 'alphoid' probe as the normal centromeric regions were. This pattern of labeling indicates that the DNA breakpoint within the heterochromatin was located outside the alpha stellite sequence site. Two hybridization signals were observed with the YAC 882b3 and 978c4 probes on the der(1) chromosome, one at the normal localization and the other distal to the duplicated heterochromatin part. This labeling pattern confirmed that the breakpoint of the duplication was proximal to the BCL9 locus on the rearranged chromosome 1.
Patient 3, AML, M4:
A translocation t(12;19)(p13;p13) was evidenced with whole chromosome painting probes. The involvement of 19p was ascertained with a 19q telomeric cosmid probe which allowed the unambiguous recognition of short and long arm of chromosome 19. Hybridization with YAC 936e2 probe showed only one signal on normal chromosome 12 short arm, indicating the loss of the TEL/ETV6 locus and the location of the breakpoint centromeric to this locus on the translocated 12. With painting and alpha satellite probes, it was shown that the t(7;12) recognized by banding analysis actually was dic(7;12)(p11;p11).
Patient 4, ALL:
Dic(9;9)(p11;p11) was confirmed by FISH using probe D9Z1 corresponding to satellite DNA specific to chromosome 9. Two spots, one larger than the other, were distinct on the dicentric chromosome, and another hybridization signal was present on the minute chromosome. The breakpoint was thus within the satellite sequence site in one chromosome 9 centromere and outside the centromeric area in the other. FISH with the D9Z5 probe (beta satellite) showed a signal, centromeric to that given by the D9Z1 probe on the nonrearranged centromere of dic(9;9) and another hybridization signal on the minute chromosome.
Patient 5, AML, M1:
Dicentric (17;18)(p11;p11) was confirmed by FISH with alpha satellite probes D17Z1 and D18Z1 showing a signal of each probe on the derivative (17;18) chromosome.
Patient 6, AML, M5:
Tranlocation t(10;11) was confirmed by FISH analysis showing the splitting of the hybridization signal of the YAC 742f9 probe, covering the MLL locus, on derivatives chromosomes 10 and 11. Translocation t(12;18) was confirmed by whole chromosome 12 and 18 painting probes. Using alpha satellite probes, t(12;18) was shown to be dic(12;18)(p11;p11). The ETV6/TEL locus was lost on dic(12;18) as shown by hybridization with YAC 936e2 which only hybridized to the normal chromosome 12.
Patient 7, ALL:
The initial karyotype with t(1;19)(q23;p13) was re-examined because the heterochromatin pattern of the der(19) appeared to be unusual. The chromosome 1-specific alpha satellite probe did not label the whole heterochromatin area on one chromosome 1, and the small band of heterochromatin on the rearranged 19 chromosome was not labeled. This finding shows that the breakpoint on chromosome 1 was Partial karyotypes (R-bands) of patients 1 to 10 and Burkitt lymphoma cell lines BL2, BL3, and LY66. Black triangles show abnormal chromosomes. Patient 1: dic(5;12) and dic(8;12;22); patient 2: dup(1)(q21); patient 3: dic(7;12); patient 4: dic(9;9) and minute; patient 5: dic(17;18); patient 6: t(10;11) and dic (12;18); patient 7: t(1;19); patient 8: dic(9;12)(q33;p11); patient 9: der(8;12) and dic(9;12)(q12;p11); patient 10: add(3)(p11), del(5)(q14),dic(7;16); BL2: der(6)t(1;6); BL3: t(1;19); LY66: der(1).
outside the DNA alpha satellite site, as in patient 3. The rearrangement was thus t(1;19)(qh;p13).
Patient 8, ALL in relapse:
dic(9;12)(p13;q34) has been previously reported. 16 DNA satellite probes D9Z1 and D12Z3 showed two distinct spots corresponding to the centromeric area of chromosomes 9 and 12, as expected from the banded chromosome analysis. In a second relapse, the same dicentric chromosome was present, as well as new marker chromosomes.
Patient 9, ALL:
Use of an alpha satellite probe specific to chromosome 8 showed the centromeric area of 8 in the t(8;12)(p12;p12) chromosome. With chromosomes 9 and 12 painting, chromosome 12 alpha satellite, and YAC 936e2 probes, it was shown that t(9;12) was dic(9;12)(p11-12;q12) ( Figure 2) , and that the ETV6/TEL locus was translocated on to the derivative t(8;12). FISH with D9Z5 (beta satellite) showed a weak signal on the normal chromosome 9. The spot observed in FISH experiments with D9Z5 was centromeric to the signal obtained with D9Z1 on the dicentric t(9;12) chromosome.
Patient 10, AML, M6:
Whole chromosome painting probes showed that the der(7) was t(7;16)(p15-22;p11), and that one chromosome 22-like was actually derived from chromosome 16. It was thus del (16)(p11). With alpha satellite probes, the t(7;16) could be redefined as dic (7;16)(p15;p11), and the der(16) chromosome was also labeled. This result indicates that the breakpoint on der(16) was outside the DNA alpha satellite site, and that the rearrangement resulted from a non-homologous homologous breakage on chromosome 16 with duplication of the alpha satellite domain since it is present on the two rearranged 16 s.
Burkitt lymphoma cell lines
Three Burkitt lymphoma established cell lines were chosen for FISH analysis: In BL2, the rearranged chromosome initially described was 46,XY,trp(1)(q23q25),t(1;6)(q23;q26),t(8;22). 12 By FISH, the der(6)t(1;6) was shown to be t(1;6)(q12;q26) without labeling of the heterochromatin part from der(1) with the alphoid probe. This finding indicates that the breakpoint is within the non-alpha satellite area of chromosome 1 qh. Moreover, it is worth noting that the two chromosome 1 nonrearranged centromeres were asymmetrically labeled with the centromeric probe: the heterochromatin of one was not entirely labeled with the probe while the other was, confirming the existence of heterochromatin variant.
Figure 2
Patient 9: FISH analysis with probes D9Z1 and D12Z3.
The BL3 cell line was initially described as having 72 chromosomes with t(1;19)(q23;q13),t(8;14)(q24;q32). 12 This cell line was re-examined with FISH technique because of the presence of t(1;19) associated with t(8;14)(q24;q32). As in case 7, the der(19) exhibited a part of 1 qh without labelling of the heterochromatin from chromosome 1 in FISH experiments with specific DNA alpha satellite probe. The der (19) was actually der(19)t(1;19)(q12;p13), with a breakpoint within 1 qh, as in patient 7.
A derivative chromosome 1 was present in LY66 with 46,XY, t(2;8)(p12;q24). 13 The der(1) chromosome had a normal heterochromatin band, and another smaller band marking the limit of the duplicated chromosome 1 region. This band was not labeled with the alpha satellite probe (Figure 3) . The breakpoint was thus outside the alpha satellite domain of the 1 qh area.
Discussion
Recurrent dicentric, dic(9;12)(p12-13;p11-12) and dic(9;20)(p11;p11) have been described in patients with acute lymphoblastic leukemia, dic(17;18)(p11;p11) in myeloid proliferations, and other more uncommon rearrangements in other patients (Table 1 , and Ref. 17) . Dicentric chromosomes have also been observed in solid tumors. Centromeric breakage is particularly frequent in squamous cell carcinoma and it has been claimed to be the major cause of cytogenetic abnormality in oral squamous cell carcinoma. 18 Whole chromosome translocations have also been observed in various types of tumours. 19 An unknown percentage of acquired isochromosomes observed in malignant cells are indeed dicentric chromosomes. The recurrent isodicentric X present in myeloid proliferations is the more common in hematopoietic malignancies (Table 1 and Ref. 11 ).
In the present study, dicentric chromosomes or pericentric rearrangements were observed in 10 patients with hematopoietic malignancies examined prior to treatment and in three Burkitt lymphoma cell lines. Eight patients had de novo malignancies, one exhibited clonal chromosome abnormalities only in relapse (case 8) and only one presented with therapyrelated acute myeloblastic leukemia (case 1). Two different subtypes of chromosomal rearrangements of centromeric and pericentromeric areas could be distinguished according to the results of FISH experiments using DNA satellite probes: in the first subtype (cases 1, 3, 5, 6, 8, 9, and 10) , the hybridization signals on metaphase chromosomes were distinct, and each centromeric region was labeled by its chromosome specific probe. Using bicolor FISH, the two probes, one colored in green and the other in red, did not overlap on the rearranged chromosome. In two cases, however, a very faint yellow signal due to the apparent superimposition of the two colors was seen between the green and red signals. This pattern of labeling results more likely from the close proximity of the labeled centromeric regions rather than from partial centromeric fusion because the yellow signal was occasionally seen only after image acquisition by the image analyzer, while it was not visible at direct microscopic observation. In the second subtype of pericentric rearrangement all or almost all the alpha satellite component of the centromere were not involved, as shown by the absence of hybridization signal with the alphoid probe (cases 2, 7, and BL cell lines). In the rearranged chromosomes 1 belonging to this subtype, the heterochromatin of the non-rearranged centromeres of the two chromosomes 1 was asymmetric (1qh variants), and the alphoid probe did not hybridize to the whole heterochromatin on one chromosome. This labeling pattern is probably due to a larger amount of non-alpha satellite DNA in the heterochromatin area. It is worth noting that the localization of breakpoints to satellite III has already be reported to occur in inversions of chromosome 9 20 and in Robertsonian translocations. 21 The incidence and distribution of C-band variants in patients with malignancy has been studied since the late seventies. [22] [23] [24] [25] [26] At that time, differences in the distribution of size variants, asymmetry between homologs, and inversions or partial inversions between patients with malignancy and controls were reported in several studies. [27] [28] [29] Whether these variants could indicate malignancies could not be firmly established at that time. 30 Such studies only provided statistical data on a series of patients. FISH analysis gives a better opportunity to search for heterochromatin variants which could be prone to rearrangements in these particular cases. The present study cannot answer this question, although the presence of chromosome 1 heterochromatin length variants was noted in a few cases and that partial inversion of chromosome 9 could be detected in patient 9.
Clonality of dicentric chromosomes of malignant cells implies that these chromosomes are stable through successive cell divisions. The stability of dicentrics can be explained by the functional inactivation of one of the two centromeres. The structure of human centromeres is complex and includes various components such as chromosome-specific and non-specific repeated DNA sequences, and constitutive proteins. 31, 32 Even the so-called DNA alpha satellite sequences are heterogeneous and each centromere differs in DNA subtypes. [33] [34] [35] [36] [37] [38] [39] Moreover functional centromeres can lack alphoid DNA. [40] [41] [42] [43] It has been shown that the heterochromatin of some chromosomes such as chromosome 1 could be uncoiled by the hypomethylating agent azacytidine. 44 Different satellite DNAs have different sensitivities to 5-azacytidine, and for instance, undercondensation of chromosome 9 is less easily obtained than decondensation of chromosome 1. 36 Moreover, human ␣-satellite DNAs have been claimed not to be susceptible to undercondensation after azacytidine exposure. 45 The role of changes in methylation patterns is well established in malignancies, and such changes could favor the rearrangements of the second type as defined above. In these dicentrics, the partially duplicated part of chromosome 1 conserved non-␣-heterochromatin, as shown by FISH analysis, suggesting that the chromosome breakpoint occurred outside the ␣-satellite domain of heterochromatin.
The DNA sequences surrounding the centromeric areas are less well characterized at the present time, and it is difficult to guess if homologies of the DNA sequences located close to the centromere of the rearranged chromosomes could explain the mechanisms of translocations resulting in dicentric structures. The nonrandom involvement of the short arm of chromosomes 12, 9, 17, and 18 in recurrent translocations can only be noticed, and instability of some pericentromeric regions like 22q11, 15q11, 16p11, and 17p11 has been noted in constitutional abnormalities. 46 It has been reported that beta-satellite DNA 47 contains retrotransposons in mammals. 48, 49 Beta-satellite DNA is present in the centromere of human chromosome 9 but not of No. 1. 20, 47, 50, 51 However, the presence of retrotransposons, which could favor DNA and chromosome rearrangements, is not proven in human chromosome 9 centromeric DNA, at the present time. The production of isodicentric chromosomes can obviously been favored by DNA homologies. Whatever the mechanisms could be, the presence of abnormal somatic pairing of some centromeres (chromosomes 1, 7, 17, 7, and 10) observed in interphase nuclei could favor chromosomal rearrangements within homologs. [52] [53] [54] The consequences of the presence of dicentrics depend on the whole karyotype of the cells: they can contribute to genic dosage abnormality due to loss or gain of one or two chromosome arms, and they can also result in rearrangements of genes located close to the centromere. It has also been shown that a gene, brown, positioned adjacent to heterochromatin was silenced by contact with centromeric heterochromatin in Drosophila. 55 As far as we know, however, there is no available proof that the same mechanism can occur in humans. Whatever they are, so-called primary or secondary chromosome abnormalities in malignancies, dicentric chromosomes and pericentric rearrangements appear to occur more frequently than expected in malignant cells. Finally, the question now arises whether the more systematic use of FISH analysis to study chromosome rearrangements involving the centromeric area can contribute to detecting dicentric chromosomes. Similarly, the possibility of the preferential involvement of some centromeric areas, such as those of chromosomes 1, 9, 12, in rearrangements of hematopoietic malignancies has to be considered.
